A modification of the reversed-phase evaporation method (modified REV method) was developed for the preparation of lyophilized unilamellar liposomes. The encapsulation efficiencies of the liposomes after a dehydration (lyophilization)-rehydration procedure were satisfactorily high, and the liposome sizes were maintained nearly constant throughout the procedure. These results are different from those obtained with liposome samples prepared by the reversed-phase evaporation method. In the latter case, marked enlargement of liposome size and extensive leakage from liposomes were observed. The small amount of residual ether in the modified REV liposomes keeps the lipid membranes fluid even at freezing temperature. The fluidity is considered to play an important role in the protection of liposomes against aggregation, fusion and leakage. Liposomes have been considered to have great potential as local and systemic drug delivery vehicles.1-3) From the pharmaceutical stand-point, the chemical and physical stabilities of "liposome particles" are critically important parameters affecting the performance of drug loaded liposomes in vivo. Freezing4-6) and lyophilization5,7,8) of liposomes have been considered as possible ways to improve the stability. As regards freezing of liposomes, the rupture of liposomes and leakage from liposomes are considerably reduced in glucose or dimethyl sulfoxide (DMSO) solution.9) Frozen storage, however, is inconvenient, inappropriate in many situations, and lowers the usefulness of the liposomes. Lyophilization of liposomes has been investigated by Kirby and Gregoriadis,7) Shulkin et al.5) and Ohsawa et al.10) The problems recognized in these studies4,5,10) were remarkable enlargement of liposome size during lyophilization and the consequent destabilization of liposomes as colloidal particles. The lyophilized liposomes of large size were difficult to resuspend, and could be harmful if injected intravenously.
Introduction
Liposomes have been considered to have great potential as local and systemic drug delivery vehicles.1-3) From the pharmaceutical stand-point, the chemical and physical stabilities of "liposome particles" are critically important parameters affecting the performance of drug loaded liposomes in vivo. Freezing4-6) and lyophilization5,7,8) of liposomes have been considered as possible ways to improve the stability. As regards freezing of liposomes, the rupture of liposomes and leakage from liposomes are considerably reduced in glucose or dimethyl sulfoxide (DMSO) solution.9) Frozen storage, however, is inconvenient, inappropriate in many situations, and lowers the usefulness of the liposomes. Lyophilization of liposomes has been investigated by Kirby and Gregoriadis,7) Shulkin et al. 5 ) and Ohsawa et al.10) The problems recognized in these studies4,5,10) were remarkable enlargement of liposome size during lyophilization and the consequent destabilization of liposomes as colloidal particles. The lyophilized liposomes of large size were difficult to resuspend, and could be harmful if injected intravenously.
The reversed-phase evaporation method (REV method) yields unilamellar liposomes with a size distribution around 500 nm and with very high efficiency of encapsulation. 11, 12) In this study, a modified REV method was developed for the preparation of lyophilized liposomes with high encapsulation efficiency. The liposomes manufactured by this method showed resistance to aggregation, fusion and leakage during the freeze-drying procedure. Encapsulation of reagents before and after a dehydration-rehydration cycle was examined after the separation of liposomes from the aqueous medium containing free reagent. The liposome size and the size distribution before and after the lyophilization-rehydration procedure were monitored by measurements of dynamic light scattering and freeze-fracture electron micrography. The phase change (phase transition) from W/O emulsion to liposomes is induced in different ways in these methods. estimated after separation of liposomes from the medium. Gel filtration was carried out on a Sepharose 4B column with 5 mm Tris-HCl. A part of the liposomes (with larger size) was not eluted through the column (e.g. 65% of liposomes composed of PC remained on the column). The separation was complete on centrifugation of the liposome suspension at 105000g for 30 min. Only a few percent of lipid remained in the supernatant fraction. The liposome fractions were solubilized in a surfactant solution (hexaethyleneglycolmonododecylether from Nikko Chemicals Co.) to eliminate turbidity. The fluorescence intensity of pyranine (excitation 400 nm, emission 510 nm) was measured with a Hitachi 650-60 spectrofluorometer, and the absorbance of methylene blue (662 nm) was recorded on a Hitachi 100-60 spectrophotometer.
Phosphate Assay The amount of PC in the eluate from the Sepharose 4B column was determined by phosphate assay. The eluted PC sample was ashed in 5 N H2SO4-2 N HNO3 and the concentration of inorganic phosphate was assayed by the Fiske-Subbarow method.13) KH2PO4 solutions were employed as standards. Measurement of Liposome Size Freeze-fracture electron micrographs of liposomes before and after the lyophilization-rehydration procedure were taken with a Hitachi H-700 electron microscope. The detailed procedures have been presented elsewhere.14) The dynamic (quasi elastic) light scattering was also measured and the data were analyzed by a cumulant method.15)
Results

Percent Encapsulation
Liposomes encapsulating pyranine or methylene blue were separated from aqueous medium, which contained free reagents, by centrifugation at 10500 g for 30 min. The percent encapsulation was defined as (moles of encapsulated reagent in liposomes)/(total moles of reagent in liposome suspension), and the results are shown in Table I . The anionic reagent, pyranine, was entrapped efficiently in both REV and modified REV liposomes composed of PC and 5 mol% of cationic lipid, SA. During the dehydration-rehydration procedure, however, remarkable reductions in the percent encapsulation were noted in the REV liposomes containing SA. The modified REV liposomes composed of PC + 5 mol% of anionic lipid, DCP, showed the reduction of encapsulation through the freeze-drying process. The electrical repulsion between pyranine, which has three negative charges, and the negatively charged liposomes prevents the effective association of the reagent with the membrane. Leakage may take place through possible small defects of the modified REV liposomes in the frozen state.
In the case of cationic methylene blue, although the REV liposomes composed of PC or PC and SA showed high entrapment, leakage took place during the dehydration-rehydration procedure. When 5 mol% of anionic lipid, DCP, was mixed with PC, both REV and modified REV liposomes gave good encapsulations. The modified REV liposomes showed more stable encapsulation than the REV liposomes through the lyophilization-rehydration procedure. These results on pyranine and methylene blue indicate that when an ionic lipid with electrical charge of opposite sign to that of the encapsulated reagent is mixed with PC , the. modified REV method yields lyophilized liposomes of high percent encapsulation . Liposomes prepared by other methods (e.g. REV, surfactant dialysis and freeze-thawing methods) exhibited large reductions in the encapsulation amount . 16, 17) The effects of lipid amount on the encapsulation were investigated and the results are summarized in Table II . Slight increases of pyranine and methylene blue encapsulations with increase in lipid amount were seen. Here, the volumes of ether and water in the W/O emulsion were kept constant at 3 and 1 ml, respectively . The addition of cholesterol to lipid mixtures can affect the clearance of liposomes from blood .18) The addition of cholesterol (33 mol% of total lipid) to the modified REV liposomes caused a reduction in the encapsulation efficiency of pyranine (Table III) .
As described above, liposomes manufactured by the modified REV method were incompletely eluted through the Sepharose 4B column . The lipid amounts in the eluted fractions were 37, 36, and 90 mol% of the total lipid in liposomes composed of PC + 5 mol% SA, PC, and PC + 5 mol% DCP, respectively. Small unilamellar liposomes (prepared by sonication) were completely recovered in the solution eluted through the column . These results are similar to those reported by Sharma et al. 19 ) Electrical charges on the lipid membrane surface were found to affect the recovery of liposomes. Therefore , besides the size distribution of liposomes, the interaction between membrane charges and the Sepharose 4B gel bed seems to . be important in relation to the recovery of liposomes. The maximum size of eluted lipo §omes depended on the sign of the surface charge. Further, when methylene blue was encapsulated in the PC-DCP liposomes, the lipid eluted was reduced to an amount similar to those in the cases of cationic and neutral liposomes . The percent encapsulations estimated after the separation of liposomes from the medium by centrifugation and by gel chromatography are compared in Table IV . Here, the percent encapsulations based on the gel chromatography method were calculated as (moles of reagent eluted with liposomes/fraction of lipid eluted)/(total moles of reagent in liposome suspension). It was found that the percent encapsulations calculated on the basis of the gel column chromatography were considerably lower than the values obtained by the centrifugation method. These results suggested that the smaller liposomes (eluted through the sepharose 4B column) had lower encapsulation efficiencies (i.e. lower encapsulation per unit weight of lipid). Larger liposomes remained on the column could have the larger internal aqueous volume and could have higher efficiencies of entrapment.
Freeze-Fracture Electron Microscopy
The sizes and shapes of the modified REV liposomes before and after the lyophilizationrehydration procedure were investigated on freeze-fracture electron micrographs. The results for modified REV liposomes containing PC and SA are presented in Fig. 2 . It was found that the liposome sizes were not changed during the dehydration-rehydration procedure and were in the range of 300 800 nm (not homogeneous). These results are distinct from those obtained by the REV, surfactant dialysis17) and freeze-thawing6,10) methods. In the latter cases, the The sizes and shapes of the liposomes were not changed significantly.
increases in liposome size are very significant .
Dynamic Light Scattering
Dynamic (quasi elastic) light scattering of modified REV liposomes was measured . The cumulant analysis gave average diameters of 350 400 nm and polydispersity indexes of 0.5-0.6. These values were not appreciably changed through the freeze-drying process . The rather larger values of the indexes suggested broad size distributions of liposomes , probably with multiple peaks. When particles have a broad size distribution with multiple peaks , cumulant analysis does not give the real diameter; measurement by electron microscopy is more useful. The electron micrographs in Fig . 2 showed that the modified REV liposomes were composed of smaller (diameter = 300 nm) and larger (diameter = 800 nm) liposome particles. In the modified REV liposomes, a small amount of ether remains and keeps the lipid membranes fluid even at low temperature where the aqueous medium is frozen . The fluidity plays an important role in the resistance of modified REV liposomes to rupture, aggregation and fusion during lyophilization. The residual ether in the modified REV liposomes can be completely removed by prolonged drying under vacuum .
Electrical Interaction between Liposome and Reagent
The results in Table I suggest that the electrical attractions between liposome membrane and reagent (SA + -pyranine3-, DCP -methyleneblue+) are also important for effective encapsulation in lyophilized liposomes . The electrical attractions enhanced the initial encapsulation both in the modified REV and in the REV liposomes . The binding and partitioning of the reagent to the oppositely charged lipid membrane may account for this. In the frozen state, the lipid membranes of the REV liposomes are solidified and , thereby, the binding and partitioning of the reagent are reduced , and leakage through ruptures or defects Size and Homogeneity of Liposome Particles As can be seen in Fig. 2 , the size of liposomes manufactured by the modified REV method remained nearly constant throughout the lyophilization-rehydration process. The fragility of liposomes in the frozen state was greatly reduced by the enhanced fluidity due to the residual ether. Both the high efficiency of encapsulation and the resistance to aggregation and fusion during dehydration-rehydration of the modified REV liposomes are closely correlated with the fluidity of the liposomes at freezing temperature.
The results in Table IV show that the encapsulation efficiencies based on the centrifugation and gel chromatography methods are different. In the latter method, the values are calculated from the encapsulated amounts in the eluted smaller liposomes. These results indicate the dependence of encapsulation on liposome size. Liposomes of different size are known to show different behavior in vivo.26,27) Therefore, the preparation of stable lyophilized liposomes of homogeneous size is critically important for the controlled delivery of drugs in vivo. Further investigations on the size control of liposomes are in progress in this laboratory. 2. The tnethod gave lyophilized liposomes of high encapsulation efficiency.
3. During a lyophilization-rehydration procedure, the size of the modified REV liposomes remained nearly constant and in the range of 300-800 nm.
